Whereas the p38 MAP kinase has largely been associated with anti-proliferative functions, several observations have indicated that it may also have positive effects on proliferation. In hepatocytes, we have found that p38 has opposing effects on DNA synthesis when activated by EGF and HGF. Here we have studied the function of p38 in EGF-and HGF-induced DNA synthesis in the two pancreatic carcinoma cell lines AsPC-1 and Panc-1. In Panc-1 cells, the MEK inhibitor PD98059 reduced EGF-and HGF-induced DNA synthesis, while the p38 inhibitor SB203580 strongly increased the basal DNA synthesis and reduced expression of the cyclin-dependent kinase inhibitor (CDKI) p21. In contrast, in AsPC-1 cells, EGF-and HGF-induced DNA synthesis was not significantly reduced by PD98059 but was inhibited by SB203580. Treatment with SB203580 amplified the sustained ERK phosphorylation induced by these growth factors and caused a marked upregulation of the expression of p21, which could be blocked by PD98059. These results suggest that while DNA synthesis in Panc-1 cells is enhanced by ERK and strongly suppressed by p38, in AsPC-1 cells, p38 exerts a pro-mitogenic effect through MEK/ERK-dependent downregulation of p21. Thus, p38 may have suppressive or stimulatory effects on proliferation depending on the cell type, due to differential crosstalk between the p38 and MEK/ERK pathways.
Introduction
The p38 mitogen-activated protein kinases (MAPK), which include p38α, p38β, p38γ and p38δ, belong to a family of serine/threonine-directed kinases. Activation of the p38 MAPKs has been observed in response to various extracellular stimuli including cytokines and growth factors (Ono and Han 2000) . Of the four members, p38α and p38β are the most widely expressed, found in nearly all cell types, and show high similarity in terms of substrate specificity and sensitivity to inhibitors (Nebreda and Porras 2000; Ono and Han 2000) . Generally, p38α has been described as a tumor suppressor based on its role in negative regulation of cell cycle progression and in induction of apoptosis (Bulavin and Fornace 2004; Xu et al. 2014) . p38α may modulate the expression or activity of cell cycle regulators including cyclin D1, the cyclin-dependent kinase inhibitors (CDKI) p16 and p21, and the tumor suppressor p53 in ways that inhibit tumor development (Bulavin and Fornace 2004) . Nevertheless, several studies indicate that its role in tumorigenesis is much more complex. p38α may in some cancer cells positively regulate proliferation (Recio and Merlino 2002; Halawani et al. 2004; Ricote et al. 2006; Wagner and Nebreda 2009 ). In addition, high levels of phosphorylated p38α have been correlated with malignancy in several cancer types (Dolado and Nebreda 2007) . Furthermore, there is evidence that p38α may increase the invasiveness of various cancers (Kim et al. 2003; Chen et al. 2004; Dreissigacker et al. 2006) . These findings suggest that p38α may have suppressive effects on tumor initiation, whereas in cancer progression, it may have oncogenic functions. p38α may cross-talk with several signaling pathways including the JNK, MEK/ERK and PI3K/Akt pathways (Cuadrado and Nebreda 2010) . The negative effect of p38α on MEK/ERK signaling has been documented in several studies (Liu and Hofmann 2004; Junttila et al. 2008) . In hepatocytes, we have found that pharmacological inhibition of p38 reduces ERK activation and DNA synthesis induced by EGF but, in contrast, inhibition of p38 enhanced these effects in response to HGF (Aasrum et al. 2016) , showing that in the same cells, p38 may have inhibitory or stimulatory effects on mitogenic signalling depending on the growth factor. Differential cross-talk between p38 and MEK/ERK might be involved in this phenomenon.
In pancreatic cancer, the role of p38 in the regulation of proliferation by EGF and HGF has previously not been studied. It has been reported that oncogenic K-Ras enhances migration and invasiveness of pancreatic carcinoma cells through activation of p38 (Dreissigacker et al. 2006) . Some pancreatic cancer cells also have endogenous activation of the p38 pathway, and p38 inhibition has been found to increase the growth of these cells (Zhong et al. 2014) . Several mechanisms regulating cell proliferation converge at the CDKI proteins, including p16 and p21, which restrain the cell cycle activity by inhibiting CDKs (Pei and Xiong 2005) . Mutated, inactivated, CDKN2A (the p16 gene) is one of the four major drivers in pancreatic oncogenesis, together with mutated KRAS, TP53, and SMAD4 (Dunne and Hezel 2015; Kamisawa et al. 2016) . In contrast, p21 is rarely mutated but is regulated at the transcriptional and posttranscriptional level and exerts inhibition of the cell cycle by broad interference with CDKs (Abbas and Dutta 2009; Georgakilas et al. 2017) . Upregulation of p21 has been found to mediate inhibition of pancreatic cell proliferation elicited by several physiological and pathophysiological mechanisms as well as by experimental and clinical pharmacological agents (Donadelli et al. 2006; Wiseman et al. 2007; Jia et al. 2008; Chen et al. 2010) . In the present study we have examined the role of p38 in the regulation of proliferation in pancreatic cancer cells and some of the mechanisms conveying its effects, with focus on ERK and p21. The results suggest that in Panc-1 cells, p38 acts as a negative regulator of DNA synthesis, whereas in AsPC-1 cells, p38 enhances the mitogenic signalling.
Materials and methods

Materials
ATCC-modified Roswell Park medium (RPMI) was from Gibco (Grand Island, NY). Fetal bovine serum, glutamine and penicillin/streptomycin were from Lonza (Verviers, Belgium). Dulbecco's modified Eagle's medium and EGF (recombinant human) were from Sigma (St. Louis, MO). HGF (recombinant human) was from R&D (Minneapolis, MN). SB203580 and PD98059 were from Calbiochem (La Jolla, CA). The primary antibodies against phospho-p38 (Thr180/Tyr182), phospho-ERK1/2 (Thr202/Tyr204), GAPDH and p21were from Cell Signaling Technologies (Danvers, MA). The secondary HRP-conjugated antibody goat anti-rabbit IgG was from Bio-Rad Laboratories (Hercules, CA). [6- 3 H]thymidine was from Perkin Elmer (Waltham, MA).
Cell culture
The pancreatic cancer cell lines AsPC-1 and Panc-1 were obtained from ATCC (Manassas, VA). Both cell lines have activating KRAS mutations and inactivating p53 mutations; although the data on CDKN2A and SMAD4 are not fully consistent, most studies report that both these genes in AsPC-1, and CDKN2A in Panc-1, are inactivated by point mutations or homozygous deletions, while SMAD4 is wild type in Panc-1 (Deer et al. 2010) . AsPC-1 cells were maintained in RPMI containing 10% FBS supplemented with penicillin (67 μg/ml) and streptomycin (100 μg/ml). Panc-1 cells were maintained in DMEM (4.5 g glucose/l) containing 10% FBS supplemented with penicillin (67 μg/ml) and streptomycin (100 μg/ml). The cultures were kept in a humidified 5% CO 2 incubator. For western blotting and DNA synthesis experiments, cells were seeded in 12-well Costar plates (Corning Life Sciences, Acton, MA) at a density of 50,000 cells/cm 2 in serum-containing medium. After 24 h, the medium was changed and cells cultured under serum-free conditions for 24 h prior to stimulation.
Western blot analysis
Total cell lysates were prepared in Laemmli buffer (4% SDS, 20% glycerol, 120 mM Tris-HCl, pH 6.8) and aliquots of 10 μg electrophoresed on 10% polyacrylamide TGX gels (Bio-Rad Laboratories, Hercules, CA). Proteins were transferred to nitrocellulose membranes. The blots were blocked in Tris-buffered saline containing 0.1% Tween 20 (TTBS) containing 5% non-fat dry milk and thereafter incubated with the primary antibodies as indicated in TTBS with 5% non-fat dry milk or 5% BSA overnight at 4°C. The blots were washed twice in TTBS before incubation with the secondary antibody for 1 h at room temperature. LumiGLO (KPL, Gaithersburg, MA) was used for visualisation of the blots. Densitometric analyses were done using Labworks Software (UVP, Cambridge, UK). When quantifying western blots, the data were normalized using the signal strength of GAPDH or the respective non-phosphorylated protein.
DNA synthesis
Serum-starved cells were stimulated with EGF and HGF for 24 h. When using inhibitors, these were added 30 min before start of stimulation. [6-3 H]thymidine was added 4 h before harvesting the cells. The amount of H]thymidine incorporated into the DNA was measured by scintillation counting as previously described (Refsnes et al. 1994 ).
Statistical analysis
The data shown are the mean ± SEM of at least 3 independent experiments. The statistical significance of differences was analysed by unpaired t-test using the GraphPad Software (La Jolla, CA).
Results
EGF and HGF induce phosphorylation of p38 in AsPC-1 and Panc-1 cells Figure 1 shows that EGF and HGF induced phosphorylation of p38 in both AsPC-1 and Panc-1 cells. In both cell lines, EGF induced a maximal phosphorylation at 10 min, whereas HGF induced a maximal phosphorylation somewhat later. A higher concentration of EGF (10 nM) than HGF (1 nM) was used, since, on a molar basis, HGF is 10-20 times more potent than EGF (Gohda et al. 1990; Stolz and Michalopoulos 1994; Brusevold et al. 2012; Aasrum et al. 2013 ).
Effects of p38 inhibition on EGF-and HGF induced DNA synthesis EGF has been found to induce DNA synthesis in both AsPC-1 and Panc-1 cells (Matsuda et al. 2002; Tveteraas et al. 2016) . HGF-induced DNA synthesis has been demonstrated in AsPC-1 cells (Ohba et al. 1999; Pothula et al. 2016) , while in Panc-1 cells, concentrations of HGF up to 0.5 nM had no effect (Ohba et al. 1999 ). Here we found that both EGF and HGF induced DNA synthesis in AsPC-1 as well as in Panc-1 cells (Fig. 2a, b) .
To investigate the possible role of the p38 pathway in the mitogenic signalling induced by EGF and HGF in the two pancreatic cancer cell lines, we inhibited p38 using 10 μM SB203580, which we previously found to completely block the activation of the p38 downstream target MAPKAP kinase-2 (Aasrum et al. 2016). Figure 2a shows that SB203580 reduced both EGF-and HGF-induced DNA synthesis in AsPC-1 cells. However, in marked contrast, SB203580 strongly enhanced the DNA synthesis in Panc-1 cells, and this effect consisted entirely of a large increase of the basal activity while the responses to EGF or HGF were not amplified (Fig. 2b) . These results show that there are opposing effects of p38 on the regulation of DNA synthesis depending on the cell type.
Effect of MEK/ERK inhibition on DNA synthesis
We further examined the role of the MEK/ERK pathway in EGF-and HGF-induced DNA synthesis in AsPC-1 and Panc-1 cells, using the MEK inhibitor PD98059. As seen in Fig. 3a , the DNA synthesis induced by EGF or HGF in AsPC-1 cells was not affected significantly by PD98059. In contrast, in Panc-1 cells, both EGF-and HGF-induced DNA synthesis was reduced by PD98059 (Fig. 3b) . Also the basal DNA synthesis was inhibited in the Panc-1 cells. These results suggest that the MEK/ERK pathway is involved in the upregulation of both basal and EGF-and HGF-induced DNA synthesis in Panc-1 cells, but not in AsPC-1.
Effect of p38 inhibition on ERK phosphorylation
Findings in several cells indicate that a prolonged activation of ERK is important for cell cycle progression (Marshall 1995;  The graphs show densitometric quantification of p38 phosphorylation based on three independent experiments ± SEM. The signal strength of p38 was used as a loading control and the amount of p-p38 was normalized to total p38 Thoresen et al. 2003; Murphy and Blenis 2006; Aasrum et al. 2016) .We previously found that in hepatocytes, p38 inhibition increased HGF-stimulated ERK phosphorylation, particularly the sustained response measured 24 h after exposure to HGF, and that this increase was involved in the enhancement of HGF-induced DNA synthesis (Aasrum et al. 2016) . We here show that in AsPC-1 cells, p38 inhibition did not significantly affect the early phase (20 min) of ERK phosphorylation (Fig. 4a) , whereas in Panc-1 cells, the responses to both EGF and HGF were moderately increased (Fig. 4b) . This suggests that for the time course studied here, growth factorinduced p38 activation negatively affects the ERK pathway in Panc-1 cells but not in the AsPC-1 cells. However, to explore the role of a sustained ERK activity in the regulation of DNA synthesis by SB203580, we next examined the ERK phosphorylation 24 h after stimulation with EGF or HGF. As seen in Fig. 5a , no ERK phosphorylation was detected at 24 h in the Panc-1 cells, with or without SB203580. In contrast, in AsPC-1 cells, the sustained ERK phosphorylation in response to EGF and HGF was markedly increased by SB203580 (Fig. 5a, b) . 3-4 times more protein was loaded for the Panc-1 cells, to clarify if there was an ERK signal. Compared to the loading of protein, the ERK signal is in Panc-1 can hardly be detected. These findings suggest that sustained ERK activity is not always induced by EGF and HGF and that this activity could play differential roles in different cell lines.
p38 inhibition upregulates the expression of p21 in AsPC-1 through an ERK-dependent mechanism
The cyclin-dependent kinase inhibitor p21 exerts inhibitory control of cell cycle progression (Abbas and Dutta 2009). In some cells, p21 expression has been shown to be positively regulated by the MEK/ERK pathway (Beier et al. 1999; Shirako et al. 2008) . We found that in AsPC-1 cells, the increase of the sustained ERK phosphorylation in response to EGF or HGF in SB203580-treated cells was accompanied by upregulation of growth factor-induced p21 expression ( 5a, c). In Panc-1 cells, there was a tendency for downregulation of p21 by SB203580. This result could suggest that in AsPC-1 cells, p38 inhibition leads to an increase in the sustained ERK activity which positively regulates p21 expression. To determine to which extent the MEK/ERK pathway is involved in the upregulation of p21 expression in the presence of the p38 inhibitor in AsPC-1 cells, p21 expression was analysed in cells pretreated with both SB203580 and PD98059. As shown in Fig. 6a, b , PD98059 reduced the SB203580-mediated upregulation of p21 expression induced by EGF and HGF. This finding suggests that in the AsPC-1 cells, p21 expression is upregulated by a mechanism requiring sustained ERK activity.
Discussion
The results of this report show that in two different pancreatic cancer cell lines, p38 acts differently in the regulation of mitogenic signalling. Thus, p38 affects EGF-and HGF-induced DNA synthesis negatively in Panc-1 but positively in AsPC-1 cells. We have previously reported that in hepatocytes, p38 may act both as an activator and an inhibitor of proliferation depending on the growth factor stimulus (Aasrum et al. 2016 ). Here we show that p38 can act as a negative or a positive regulator of growth factor-induced DNA synthesis, depending on the cell line.
In this study we have been using the MEK inhibitor PD98059 and the p38 inhibitor SB203580. Although these two kinase inhibitors generally are considered as highly specific, it is still worth to mention that caution must be taken when using such inhibitors, especially at high doses. SB203580 has been demonstrated to block a few other protein kinases including PI3K, GAC and CK1, but does not block other MAPKs (Bain et al. 2007 ). When it comes to PD98059, it has been demonstrated to inhibit MAPK kinase 5 (MKK5), but no unspecific effects on the p38 pathway has been shown (Dudley et al. 1995; Bain et al. 2007) .
Generally, p38 has been considered as an inhibitor of cell proliferation, as documented in many cell types, including fibroblasts, cardiomyocytes and hepatocytes (Lavoie et al. 1996; Engel et al. 2005; Hui et al. 2007 ). The inhibitory effect of p38 on cell cycle progression at G1/S and G2/M transition involves several mechanisms, including upregulation of CDKIs and downregulation of cyclins ( Rincon 2009). However, several reports indicate that p38 may also act as a positive regulator of proliferation. In cytokinestimulated hematopoietic cells and heregulin-stimulated breast cancer cells, p38 inhibition led to reduced cell cycle progression (Rausch and Marshall 1999; Neve et al. 2002) . Also in HGF-stimulated melanoma cells, p38 positively affects proliferation. In these cells, p38 upregulates cyclin D1 expression through the activation of the transcription factor ATF-2 (Recio and Merlino 2002) . The role of p38 in the regulation of proliferation of pancreatic cancer cells has only briefly been studied previously. Especially, the role of p38 in growth factor-stimulated proliferation of these cells is poorly explored. One report has studied the role of p38 in EGF-stimulated proliferation of several pancreatic cancer cell lines, including AsPC-1 and Panc-1 (Matsuda et al. 2002) . In contrast to our results, where we see an activating role of p38 in AsPC-1 and inhibition in Panc-1 cells, these authors found that p38 blockade using SB203580 inhibited EGF-induced cell growth of both AsPC-1 and Panc-1 cells. In that study, no effect of p38 inhibition was seen on basal DNA synthesis of Panc-1. We here show that SB203580 substantially upregulated the basal DNA synthesis in Panc-1. This result is in agreement with another report indicating that basal proliferation of Panc-1 cells is negatively regulated by p38 (Ding and Adrian 2001) . Furthermore, in a variety of other pancreatic cancer cells, Zhong et al. found that cells with high basal levels of phosphorylated p38, had restrained growth (Zhong et al. 2014) . Interestingly, they also showed that in patients with pancreatic cancer, a strong immunohistochemical labelling in the tumours significantly correlated with improved post-resection survival. Since the Panc-1 and AsPC-1 cells showed quite similar levels of phosphorylated p38 in the unstimulated state, this most likely could not explain the differential role of p38 seen in our experiments.
The p38 pathway may crosstalk with several other signalling pathways (Cuadrado and Nebreda 2010) . With respect to the MEK/ERK pathway, p38 may inhibit ERK activation by various mechanisms (Liu and Hofmann 2004; Junttila et al. 2008) . Inhibitory effects of p38 on ERK activity have been demonstrated in various cells, including cardiac myocytes, hepatoma cells, and both human and rat hepatocytes (Singh et al. 1999; Liu and Hofmann 2004; Henklova et al. 2008; Aasrum et al. 2016) . In primary hepatocytes, we have previously shown that p38 inhibition leads to an increase in HGFinduced ERK phosphorylation, and this increase may partly account for the increase seen in HGF-induced DNA synthesis when p38 is inhibited (Aasrum et al. 2016 ). Here we see a quite similar phenomenon in both EGF-and HGF-stimulated Panc-1 cells. In the presence of SB203580, the early phase of the growth factor-induced ERK phosphorylation and the DNA synthesis was increased. We also demonstrate that the MEK/ERK pathway was involved in the regulation of EGF- and HGF-induced DNA synthesis in the Panc-1 cells. In contrast, in the AsPC-1 cells, SB203580 did not affect the early phase of ERK phosphorylation, in agreement with the finding that the MEK/ERK pathway did not play a role in EGF-and HGF-induced DNA synthesis. Since we previously have shown that a sustained ERK signal is required for the induction of DNA synthesis in hepatocytes, and that p38 inhibition may increase the sustained ERK activity (Thoresen et al. 2003; Aasrum et al. 2016) , we speculated if sustained ERK activity was involved in the strong increase in DNA synthesis seen in Panc-1 cells in the presence of SB203580. Surprisingly, no sustained ERK phosphorylation was seen in the Panc-1 cells at 24 h in the absence or presence of SB203580. In contrast, SB203580-treated AsPC-1 cells showed an increase in the sustained ERK phosphorylation, associated with an increase in the expression of p21. The CDK inhibitor p21 is a protein that exerts cell cycle arrest in response to a variety of stimuli (Abbas and Dutta 2009). p21 transcription may be regulated by several pathways, both p53-dependent and -independent (Jung et al. 2010) . Since in AsPC-1 cells, MEK inhibition reduced the EGF-and HGF-induced expression of p21 seen in the presence of SB203580 in AsPC-1 cells, we suggest that p21 expression was upregulated due to a sustained ERK signal when p38 was inactivated. Several reports have previously suggested a role for the MEK/ERK pathway in the regulation of p21 expression. In for example chondrocytes, MEK inhibition reduces the level of p21 expression (Beier et al. 1999) , whereas in HepG2 cells, both ERK-dependent and ERK independent pathways were found to be involved in the expression of p21 (Shirako et al. 2008) . Especially, long-term ERK activation has been demonstrated to promote accumulation of p21 (Chambard et al. 2007 ). In addition, it is suggested that various cell types may need a different threshold of ERK activity to affect the balance between proliferation and growth arrest, and that intense ERK activation proves to be essential for p21 upregulation (Chambard et al. 2007) . That p38 negatively affects the expression of p21 has previously not been shown. In contrast, p38 activity has been demonstrated to induce p21 expression in CHO-K1 cells (Chinese hamster ovary) (Alderton et al. 2001) and to increase the stability of p21 in HD3 cells (human colon carcinoma) (Kim et al. 2002) .
In conclusion, we have demonstrated that p38 may affect EGF-and HGF-induced DNA synthesis positively or negatively, depending on the cell line. The cross-talk between the p38 and MEK/ERK pathways may at least partially explain this phenomenon. When p38 is inactivated, an increase in the early phase ERK activity may positively affect DNA synthesis in Panc-1 cells, whereas in AsPC-1 cells, an increase in the sustained ERK activity upregulates p21 expression, which in turn negatively may affect DNA synthesis. 
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